Alzheimer's disease (AD) is characterized by b-amyloid plaques, tau pathology, cholinergic cell death and inflammation. The aim of this study was to investigate whether b-amyloid is generated, released and extracellularly deposited in organotypic brain slices. In developing slices, no amyloid-precursor protein (APP) was detectable; however, there was a strong upregulation in aging slices. In such slices, rat b-amyloid(1-42) and -(1-40) peptides were found using four sequence-specific antibodies. APP and b-amyloid were expressed in neurons and to a lesser extent in astrocytes. Beta-amyloid was secreted into the medium. Beta-amyloid was located extracellularly when aging slices were incubated with medium at pH 6.0 including apolipoprotein E4 (ApoE4). It is concluded that aging organotypic brain slices express bamyloid and that acidosis induces cell death with efflux of b-amyloid and extracellular depositions, which is triggered by ApoE4. This novel in vitro model may enable us to investigate further the pathological cascade for AD and may be useful to explore future therapeutics.
Introduction
Amyloid-precursor protein (APP) is a transmembrane glycoprotein that is the precursor of b-amyloid. APP is expressed in a variety of cells both within and outside the nervous system. Its physiological role in the brain is not well understood. In neurons, APP undergoes fast anterograde transport, is then integrated in the plasma membrane and cleaved by asecretase into a 90-100 kDa secreted APP (sAPP). 1 The sAPP is secreted into the extracellular space and plays a role in neuroprotection and neuroplasticity by reducing intracellular calcium. 2 APP, however, can also be cleaved in an alternative pathway by b-and g-secretases, leading to b-amyloid(1-42) and b-amyloid(1-40), which by itself have different physiological effects in the central nervous system. 3, 4 Beta-amyloid can aggregate and can induce neurotoxicity. In Alzheimer's disease (AD) extracellular b-amyloid accumulates in amyloid plaques, which damage nerve fibers and lead to neurodegeneration. 1, 2, 5, 6 Trophic or toxic properties of b-amyloid depend on the used concentration or on the form of soluble b-amyloid. 7 Most of the in vivo models are based on transgenic human APP overexpressing mice. Transgenic mice with mutant genes that predispose to AD provide a model for testing the outcome of single factors in AD neuropathology. In addition, in different in vivo models aggregated b-amyloid is injected into rats or mice to study b-amyloid-induced effects on behavior or expression of genes and proteins. The investigation of b-amyloid in rats is very limited, because rats do not develop b-amyloid plaques, and rat b-amyloid has not been found to aggregate. Organotypic co-cultures provide a possibility to investigate how the cholinergic system interacts with b-amyloid formation. Cholinergic neurons in the human basal forebrain play a key role in neurodegenerative disorders such as AD, in other types of dementia or normal aging. Neurons of the basal nucleus of Meynert (nBM) project to the cerebral cortex, and a cerebrocortical hypofunction stands in a causal relationship to cholinergic neuronal loss. [8] [9] [10] It seems well established that AD is caused by a synaptic dysfunction. [11] [12] [13] and secretion of b-amyloid and subsequent plaque formation may result in retrograde-induced cell death of cholinergic neurons. 11, 14 To investigate mechanisms leading to APP dysregulation, b-amyloid formation and initiation of cholinergic cell death is an important issue and is focused on the development of strategies to rescue neurons from progressive neurodegeneration.
In the organotypic brain slice model, we will now investigate whether APP/b-amyloid is expressed, and released by taking advantage of this physiological in vitro model that provides a possibility to study age-dependent effects in an isolated three-dimensional tissue for up to 50 weeks. We will also test whether the presence of apolipoprotein E4 (ApoE4) interacts with b-amyloid pathology. As b-amyloid deposition may also depend on changes in the microenvironment, we will also examine whether low pH alone or in combination with ApoE4 leads to extracellular b-amyloid deposits. This study will also reveal whether b-amyloid pathology is associated with deficits in the cholinergic system. It will turn out whether the organotypic slice model is a valid model for AD that has in common at least some neuropathological changes with the human pathology. It will provide the possibility to explore further the mechanisms of b-amyloid formation in an integrated system.
Materials and methods

Organotypic brain slice cultures
Organotypic brain slice co-cultures of the nBM and parietal cortex were established as described by us in detail. 15, 16 Briefly, the nBM of postnatal day 8-10 rats was dissected under aseptic conditions, 400 mm slices were cut with a tissue chopper (McIlwain, Mickle Lab Eng., Guildford, UK), and the slices were placed on a 30 mm diameter Millicell-CM 0.4 mm membrane insert (Millipore, Vienna, Austria). Since the nBM is not a discrete nucleus in rodents, a protocol was established to optimize the dissection of the scattered neurons in this brain region. A detailed schematic dissection drawing is given by us. 16 It is important to note that the ipsilateral as well as contralateral nBM of four rats was dissected at the same time, cut on the tissue chopper and all slices pooled in medium. Then the nBM slices were distributed randomly on the membranes across all groups. Next, the parietal cortex was dissected from the same rats, chopped, and the slices were randomly put in direct connection to the nBM slices on the membrane. Such co-slices (4-5 per membrane) were cultured in Petri dishes at 371C and 5% CO 2 with 1.2 ml/Petri dish of the following culture medium: 50% MEM/HEPES (Gibco, Lofer, Austria); 10% heat-inactivated horse serum (Gibco, Lifetech, Austria); 25% Hanks' solution (Gibco); 2 mM NaHCO 3 (Merck, Vienna, Austria); 6.5 mg/ml glucose (Merck), 2 mM glutamine, pH 7.2 (Merck). All slices were incubated with 10 ng/ml nerve growth factor (NGF; Sigma-Aldrich, Vienna, Austria) to maintain survival of cholinergic neurons and were cultured for up to 50 weeks. Medium was changed once a week. Twelve-week-old brain slices were further incubated for 4 weeks with or without 10 ng/ml human ApoE4 (Sigma) at pH 7.2 or pH 6.0 (acidosis). In addition, also single slices of nBM or cortex were cultured with or without NGF (6-8 slices/well for immunohistochemistry or 15 slices/well for enzyme-linked immunosorbent assay (ELISA)/Western blot). All experiments conformed to ethical guidelines for the use of animals, as all efforts were made to minimize the number of animals used.
Postmortem Alzheimer brain
Alzheimer brains were collected from postmortem patients, who fitted the NINCDS-ADRA clinical criteria of AD; the average age was 8178 years, the postmortem interval was 1574 h. 17 Tissue samples were taken from the dorsolateral, the orbifrontal and entorhinal cortex, and then immediately fixed by immersion in cold 4% paraformaldehyde in phosphate-buffered saline (PBS).
Immunohistochemistry Immunohistochemistry was performed as described previously. 16 All incubations were performed freefloating at 41C for 2 days including 0.1% Triton, such that the antibodies can penetrate from both sides of the slices and which allows good penetration of the antibody into the brain slices. At the end of the experiment slices were fixed for 3 h at 41C in 4% paraformaldehyde in PBS. Slices were then washed with 0.1% Triton/PBS at room temperature for 30 min and pretreated for 20 min with 20% methanol/ 1%H 2 O 2 /PBS (only for 3,3
0 -diaminobenzidine labeling). After thorough rinsing, the slices were blocked with 20% horse serum/0.2% bovine serum albumin/ PBS and then incubated for 2 days at 41C with primary antibodies. Antibodies used were as follows: goat anti-choline acetyltransferase (Chemicon AB144P; 1:750); mouse anti-APP(643-695) (Chemicon MAB343; 1:250); mouse anti-amyloid-b(17-42) (Chemicon AB5366; 1:100); rabbit anti-amyloid(3-16) (Abcam ab14220; 1:100); rabbit anti-amyloid(37-42) (Chemicon AB5306; 1:100); rabbit anti-amyloid(17-24) (Chemicon AB5366; 1:500); or mouse-anti-neuronal nuclei (neuN; Chemicon MAB377; 1:100). Since human and rat b-amyloid differ in amino acids 5, 10 and 13 ( Figure 5A ), the four used anti-b-amyloid antibodies were selected to be highly specific for rat b-amyloid. Then the slices were again washed with PBS and incubated with secondary biotinylated antigoat, or anti-rabbit or anti-mouse antibodies (1:200; Vector Lab., Szabo, Vienna, Austria) for 1 h at room temperature. After being washed, slices were incubated in an avidin-biotin complex solution (ABCElite Vectastain reagent; Vector Lab., USA) for 1 h, then washed in 50 mM Tris-buffered saline, and then the signal was detected by using 0.5 mg/ml 3,3 0 -diaminobenzidine including 0.003% H2O2 as a substrate in Tris-buffered saline. The slices were mounted on glass slides, air-dried and coverslipped with Entellan (Merck, Darmstadt, Germany). Unspecific labeling was defined by omitting the primary antibody. When fluorescence immunohistochemistry was performed, the methanol pretreatment was omitted and as secondary antibodies Alexa-488 or Alexa-546 (both Invitrogen, Lofer, Austria; 1:400) were used. Rabbit anti-microtubule-associated protein-2 (1:1000; Chemicon) or chicken anti-glial fibrillary acidic protein (GFAP, 1:1000; Chemicon) were used for colocalization experiments. To label nuclei the slices were incubated with 4,6-diamidino-2-phenylindole (DAPI, 1:10 000; Sigma) for 30 min.
Immunolabeling was visualized with a Leica DMIRB fluorescence inverse microscope equipped with an Apple computer and Improvison DarkLab software or some sections were visualized using scanning confocal microscopy (LSM 510, Zeiss).
In situ hybridization In situ hybridization was performed as described by us. 18 Briefly, brain slices were transferred onto slides (ProbeOn slides, Fisher Biotech, Pittsburgh, PA, USA) and frozen in a CO 2 stream and stored at À201C until use. Antisense oligonucleotides complementary to nucleotide base pairs 1818-1860 of the choline acyteltransferase (ChAT) gene (43mer) 19 and the APP695 gene (40mer) 20 were labeled at the 3 0 end with [a- 35 S]dATP using terminal deoxyribonucleotidyl transferase (New England Nuclear, Vienna, Austria) and purified using Qiagen nucleotide removal kit (Qiagen, Vienna, Austria). Sections were hybridized at 421C overnight in a humidified chamber with 0.1 ml per slide of a hybridization solution (50% formamide, 4 Â SSC, 0.02% polyvinylpyrrolidone, 0.02% Ficoll, 0.02% bovine serum albumin, 10% dextran sulfate, 0.5 mg/ml sheared salmon sperm DNA, 1% sarcosyl (N-lauroyl sarcosine), 0.02 M NaPO4 (pH 7.0), 50 mM dithiothreitol) containing 1 Â 10 7 c.p.m./ml probe. Sections were subsequently rinsed, washed four times (15 min each) at 541C in 1 Â SSC, cooled to room temperature, dehydrated through 70, 90 and 99% ethanol and air-dried. Sections were dipped in Amersham Hypercoat LM-1 photo emulsion, exposed for 8 weeks at À201C, developed, fixed, and lightly labeled with cresyl violet.
Western blot analysis
Rat b-amyloid(1-42) (100 ng, Calbiochem, Biotrade, Vienna, Austria) or human secreted b-APP (sbAPP; Sigma) or aggregates or brain slice extracts were analyzed by Western Blot. Brain slices were scraped from the membrane inserts, pooled (15 slices), sonicated (5 pulses) in 150 ml PBS þ protease inhibitor cocktail, centrifuged and the supernatant loaded onto gels. Samples were either analyzed under non-reducing or reducing conditions (samples were heated at 701C, 10 min). For the aggregation experiments, 500 ng b-amyloid was incubated in 100 ml buffer (150 mM NaCl, 20 mM Tris, 6.7 mg/ml BSA710 ng/ml ApoE4, and the pH adjusted to pH 7.2 or 6.0) for 2 weeks at 371C. Samples were either loaded directly onto the gels or centrifuged (15 min, 15 000 g, 201C) and the pellet resuspended in 20 ml running buffer and then loaded. Samples were separated in 10% BisTris (NuPage, Invitrogen) sodium dodecyl sulfatepolyacrylamide gels (Invitrogen) for 35 min at 200 V, and electrotransferred to nylon-PVDF Immobilon-PSQ membranes (Millipore) for 60 min at 30 V with a 40% methanol blotting buffer (Invitrogen). For the detection the Western Breeze Chromogenic System (Invitrogen) was used. Briefly, blots were blocked for 30 min with blocking buffer, then incubated for 90-180 min with the primary anti-b-amyloid (17) (18) (19) (20) (21) (22) (23) (24) antibody (Chemicon; 1:1000) or mouse anti-APP A4 (Chemicon MAB348; 1:2000), washed and incubated with alkaline phosphatase-conjugated anti-mouse IgG (Invitrogen) for 30-60 min at room temperature. After being washed, bound antibodies were visualized by p-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate (both Roche Molecular Biochemicals, Vienna, Austria).
ELISA for rat b-amyloid A novel rat-specific sandwich ELISA for b-amyloid was established. Briefly, DELFIA yellow Immuno Plates (DuPont NEN, Vienna, Austria) were coated for 4 days at 41C with anti-b-amyloid(17-24) antibody (Chemicon; 50 ng/well) in carbonate-coating buffer (pH 9.7). After being washed and blocked, 100 ml standards or brain slice extracts or conditioned media were applied to the wells and incubated for 6 h at room. Conditioned media were collected from three wells at week 2 or 12 or 16, pooled (3 Â 1.2 ml), lyophilized, dissolved in 300 ml assay buffer and neutralized. Wells were again washed and the secondary anti-b-amyloid (3-16) antibody (Abcam; 50 ng/well) was added and incubated overnight. Wells were washed and incubated for 1.5 h with anti-rabbit Europium antibody (DuPont NEN; 20 ng/ well). Then wells were washed and after addition of DELFIA enhancer (Dupont NEN), the Europium fluorescence was measured in a Zenyth 3100 ELISA reader by time-resolved fluorescence. Samples were calculated from the standard curve in the linear range.
Measurements and statistics
The number of ChAT immunoreactive neurons per slice was counted under the microscope in the nBM part and the APP-positive cells were counted separately in the cortex and nBM. Raw data per slice were averaged consisting of at least six slices and expressed as mean number of cells7s.e.m. per slice. Fluorescence cell counting was performed for DAPI-positive nuclei and neuN-positive neurons on a Leica DMIRB fluorescence inverse microscope equipped with an Apple computer and Improvison DarkLab software. Cell counting was performed on six random fields (200 Â 200 mm each) per slice. Raw data from these field counts were averaged and expressed as cells/ mm 2 . One experiment consisted of at least four slices per condition. Multistatistical analysis was obtained by one-way analysis of variance, followed by Fisher protected least significant difference post hoc test by comparing controls against the respective treatments, where P < 0.05 represents statistical significance.
Results
Cholinergic neurons in brain co-slices of the nBM and cerebral cortex
It is well established that the 400 mm brain slices flatten down during the first 2 weeks of incubation and have a thickness of approximately 100 mm. This flattening is also an internal mean for a good preparation and dissection. Our immunohistochemical analysis showed 98716 (mean7s.e.m.; n = 24; n = represents the number of slices from which mean number is obtained) ChAT-immunopositive neurons in 4-week-old co-slices incubated with NGF ( Figures  1a and b ) and only 1473 (n = 17) neurons in slices incubated without NGF. Neurons incubated without NGF were clearly smaller and did not have processes. When co-slices were cultured with NGF for up to 32 weeks, the number of cholinergic neurons did not change: 6 weeks: 4478, n = 23; 8 weeks: 38717, n = 12; 12 weeks: 51710, n = 16; 24 weeks: 52723, n = 4 or 32 weeks: 62718, n = 15. In 24-week-old slices, some elongated neurons with small perikarya and few neuronal processes were observed ( Figures  1c and d) . In 50-week-old co-slices, only a few degenerated 'ghost-like neurons' were visible (170. However, all slices (single or co-slices) displayed a high number of DAPI-positive nuclei independent of NGF incubation (Figures 2b, e, h, k, n and q) . Similarly, all slices contained neuN-positive cells irrespective of whether NGF was or was not administered (Figures 2c, f, i, I , o and r).
APP-and b-amyloid-like immunoreactivity in brain slices
In 2-week-old co-slices incubated with or without NGF, no APP(643-695)-like immunoreactivity was detected (Figures 3a and c) . However, when slices were incubated for 12 or 24 weeks with NGF, a strong immunoreactivity for APP(643-695) was found in cortex (12 weeks: 217726 cells/slice, n = 19; 24 The human and rat b-amyloid sequence differs in three amino acids at positions 5, 10 and 13 ( Figure  5A ). An antibody against amino acids 17-42 showed several intensely b-amyloid-immunopositive cells in 12-week-old brain slices (Figure 5Ba ). These b-amyloid-containing cells colocalized with APPimmunopositive cells (Figures 5Bb, c) . A similar labeling pattern was seen when slices were incubated with antibodies against rat-specific b-amyloid (3-16), the amino acids 17-24, or amino acids 37-42 ( Figures  5Bd-f ). Omitting any of the primary antibodies showed only background labeling (Figure 5Bg ). Labeling with nuclear DAPI displayed a nuclear labeling (Figures 5Bh-j) .
Effects of acidosis on brain slices
When 12-week-old brain slices were further incubated for 4 weeks with medium at pH 7.2 þ NGF, the distribution of b-amyloid(1-42)-positive cells in the slices did not change in shape and number (Figures 6a-c) . Co-labeling with nuclear DAPI showed a cytoplasmic labeling (Figure 6b ). When 12-week-old brain slices were incubated with medium at pH 6.0, the number of ChAT-positive neurons decreased within 2-4 days ( Table 1 ). The number of DAPI-positive cells gradually decreased within 4 weeks of acidosis treatment ( Table 1 ). The number of neuN-positive neurons also markedly decreased after acidosis resulting in a few neuN-positive neurons after 4 weeks (Table 1) . When 12-week-old slices were further incubated with medium at pH 6.0 þ NGF, no or very low granular b-amyloid-like immunoreactivity was seen (Figure 6d ). The number of DAPI-positive nuclei was reduced (Figures 6e and  f) . However, when 12-week-old slices were incubated for further 4 weeks with medium at pH 6.0 þ NGF including ApoE4, the decrease in DAPI nuclei was significantly more pronounced (Figure 6h ). Betaamyloid immunoreactivity was strongly granular (Figures 6g-i) . Co-labeling with DAPI revealed that b-amyloid immunoreactivity was localized extracellularly (Figure 6i ).
Western blot of rat b-amyloid(1-42) and APP A4 Western Blot analysis for rat b-amyloid (17) (18) (19) (20) (21) (22) (23) (24) and sbAPP is shown in Figure 7 . Western blot analysis of 100 ng rat b-amyloid(1-42) showed a strong single band of 4 kDa and a weaker band at 12 kDa under reducing or non-reducing conditions. Western blot analysis of 100 ng sbAPP protein showed a strong band of approximately 100 kDa under non-reducing conditions with the anti-APP A4 antibody, whereas no sbAPP-protein (1000 ng) was detectable with the anti-b-amyloid (17) (18) (19) (20) (21) (22) (23) (24) antibody. Brain slices incubated for 12 or 16 weeks at physiological pH tested conditions (pH 7.2 or pH 6.0, 7ApoE4, 2 weeks 371C) when the mix was loaded directly onto the gel. When the samples were centrifuged and the pellet was loaded onto the gel, small oligomeric forms of bamyloid were seen after incubation at pH 7.2. This intensity of oligomeric forms was markedly increased after incubation at pH 6.0. No obvious effect of ApoE4 was seen on the aggregation at pH 7.2 or pH 6.0. An additional weaker band was observed at approximately 50 kDa.
ELISA for rat b-amyloid
A rat b-amyloid-specific ELISA-detected rat b-amyloid in a dose-dependent manner, whereas human bamyloid was not detected (Figure 8a) . Omission of the secondary antibody abolished the detection ( Figure  8a ). The ELISA showed a linear range between 0.5 and 25 ng/well (Figure 8a ). Beta-amyloid was below the detection limit in brain slices (Figure 8b ) and media ( Figure 8c ) when incubated for 2 or 12 weeks with NGF. However, when 12-week-old slices were incubated for further 4 weeks with NGF and ApoE4 at pH 7.2, there was a marked increase in b-amyloid tissue levels (Figure 8b ) as well as secreted b-amyloid (Figure 8c ). When 12-week-old brain slices were further incubated for 4 weeks with medium at pH 6.0 with NGF and with or without ApoE4, the bamyloid tissue levels ( Figure 8b ) and secretion ( Figure 8c ) was markedly decreased.
Beta-amyloid labeling in a human Alzheimer brain
Using the anti-b-amyloid(17-42) antibody, immunolabeling of a human Alzheimer brain revealed a similar granular labeling as seen in brain slices after incubation at pH 6.0 with ApoE4 (Figures 6j-l) . The labeling again appeared extracellular as seen by DAPI co-labeling (Figure 6l ).
Discussion
This study shows that organotypic brain slices cultured for 12 weeks express APP-and b-amyloidlike immunoreactivity localized in neurons and to a lesser extent in astrocytes. At this stage, b-amyloid is found intracellularly, and is released into the culture medium. When slices are treated with a culture medium at pH 6.0 (acidosis), the neurons degenerate, and b-amyloid aggregates extracellularly, which is triggered by ApoE4.
Cholinergic neurons in the organotypic brain slice model This study extends our previous findings and shows for the first time that cholinergic neurons can survive in organotypic brain co-slices for at least 32 weeks when incubated continuously with NGF. The organotypic brain slice model has been introduced by Gähwiler et al., 21 modified by Stoppini et al., 22 and meanwhile is well established in our research group since several years. 15 , 16 We have shown 16 that cholinergic neurons survive in nBM brain slices when cultured with NGF for at least 2 weeks, but withdrawal of NGF from brain slice cultures results in massive cell death of cholinergic neurons. 16 The enzyme ChAT labels cholinergic neurons and correlates well with the cell death of cholinergic neurons. 15 The major advantage of organotypic brain slices is that two functionally related brain regions can be connected and in co-cultures of the nBM and cortex cholinergic neurons survive and send their nerve fibers into the adjacent target area, the cortex. 15 APP expression in aging brain slices Up to now, in vivo AD models only partly reflect the neuropathological features of AD. Especially, APP or tau overexpressing mice have been well characterized. 23 Recently, it has been reported that brain slices prepared from mice overexpressing genes of relevance for AD may be a useful in vitro model. 24 Our present study is now the first showing that 12-to 24-week-old rat organotypic brain slices express endogenous rat APP. The APP-like immunoreactivity was found to be expressed mainly in neurons and displayed mostly granular cytoplasmic staining. The APP-and b-amyloid-like immunoreactivity were co-expressed in the same cells. In situ hybridization with ratspecific oligonucleotides confirmed the expression of APP mRNA in rat brain slices. APP was also expressed in astroglial cells, but to a lower extent than in neurons. The expression and localization of different isoforms of APP has been studied in rat brain. There is good evidence that APP is found in neurons. 25, 26 In addition, it has been shown that also cultured rat astrocytes express APP, and in fimbriafornix lesioned rat, APP was mainly observed in GFAP-positive reactive hippocampal astrocytes, 26 pointing to astrocytic APP induction after brain insults. 27 In our brain slice model astrocytes also expressed APP, but to a lower extent, which may indicate that the organotypic brain slice model represents a stable non-activated in vitro system. The normal functions of APP are not fully understood, but increasing evidence suggests that APP has important roles in regulating neuronal survival, neurite outgrowth, synaptic plasticity and cell adhesion. 28 The increased expression of APP overtime with a maximum in 12-week-old brain slices, may support its role in normal physiological neuronal functions. Beta-amyloid expression in aging brain slices Most of the published studies have been performed with human b-amyloid, because of the relevance in AD. Presynaptic terminals in AD are critically dependent on cortical b-amyloid levels, but not on b-amyloid plaque deposition. 11, 29 In fact, presynaptic terminals already significantly deplete in 2-to 4-month-old APP transgenic mice, at a time where their soluble b-amyloid levels increase but before b-amyloid deposition begins. 11 The b-amyloid peptide shows 100% homology in amino acids 14-42 between human and rat. Thus, we have used four different sequence-specific antibodies to detect rat b-amyloid, three human antibodies directed against amino acids 17-42 or 37-42 or 17-24 and one rat-specific antibody against amino acids 3-16. All antibodies reacted well for rat b-amyloid and show specific expression of rat b-amyloid(1-42) or -(1-40) in rat brain slices. The antibody AB5366 does not crossreact with secretory APP as stated by Chemicon (see datasheet). Our Western blot data show that the antibody MAB1561 did not recognize sAPP as well, pointing to a specific detection of b-amyloid peptide. Beta-amyloid is produced from APP through sequential proteolytic cleavages by secretases. 30 APP is axonally transported and b-amyloid accumulates at synapses in high amounts and is then secreted into the extracellular space. The secreted forms are cleared via the blood-brain barrier or intracellular b-amyloid is degraded by specific proteases. We cannot distinguish in our assay between b-amyloid(1-40) and -(1-42), but it is likely that both forms are expressed in the brain slices. Our data show preferentially a cytoplasmic granular labeling; however, we cannot exclude also nuclear staining with one of the antibodies. Although it was shown that b-amyloid(1-40) is produced by rat neuronal tissue, 31 our data show for the first time that endogenous expression of APP and b-amyloid does not directly induce cell death of cholinergic neurons in vitro. In fact, it is well established that b-amyloid has neurotrophic and neuroprotective properties when present at low nanomolar physiological concentrations displaying antiapoptotic and antioxidant activity. 7 However, only at high (mM) concentrations b-amyloid has toxic properties, which is linked to methionine-35 possibly mediating radical generation. 7 Thus, our data indicate that aging brain slices physiologically express and secrete low amounts of b-amyloid(1-42) or (1-40), which does not exert any toxic effects on cholinergic neurons that are the most vulnerable neurons in AD. Even when brain slices are exposed for further 4 weeks with ApoE4 at neutral pH, the b-amyloid immunoreactivity remained intraneuronal and did not exhibit any toxicity.
Beta-amyloid and acidosis in brain slices
Acidosis occurs in the brain during infarction, such as stroke, ischemia, inflammation or 'silent stroke' and plays a role in damaging neuronal environments, which is of importance in AD. 32,33. It is now widely accepted that acidosis is an important component of the pathological event that leads to ischemic brain damage. 34, 35 We have recently shown, that acidosis (pH < 6.6) rapidly (within 4 days) killed cholinergic neurons. 36 Our present data show that in fact, not only cholinergic neurons, but neurons in general degenerate, as seen by a marked loss of neuN-positive neurons in the brain slices after acidosis, accompanied by a gradual decrease in DAPI-positive cells. However, the incubation at low pH enhances at the same time the extracellular aggregation of b-amyloid. It is suggested, that low pH induces atrophy and bursting of neurons and subsequent fast cell death, which results in uncontrolled leakage and efflux of b-amyloid. There are no indications that b-amyloid undergoes a regulated release. It cannot be excluded that acidosis changes also the enzyme activity of secretases. An altered proteolytic processing of APP may lead to neurotoxic forms of b-amyloid, which then may play a pivotal role in triggering the death of neurons. Such a perturbed processing of APP due to ischemic events may result in increased production of b-amyloid at synapses and may be an early event in AD. Such changes in enzyme activity are indeed found in sporadic AD cases. It is well established that intraneuronal b-amyloid is a major risk factor and it serves as a source for extracellular amyloid aggregates and plaque deposition and may trigger the b-amyloid cascade. 37, 38 Extracellular vs intracellular b-amyloid This intracellular b-amyloid is secreted as a soluble peptide. 37, 38 Primary neurons of Tg2576 transgenic mice secrete approximately 500 pg/ml b-amyloid(1- Values in parenthesis give the number of analyzed slices. The detection limit (DL) is shown by a line and some measurements were below the detection limit. n.d., not detectable; APP, amyloid-precursor protein; ApoE4, apolipoprotein E4; ELISA, enzyme-linked immunosorbent assay; NGF, nerve growth factor. 42) within 1 h, which is increased to up to 2600 pg/ml within 36 h. 38 The secretion of b-amyloid(1-40) is much higher and up to 15 mg/ml of this peptide is secreted within 36 h. 37, 38 This ratio (20:1 for b-amyloid(1-40)/b-amyloid ) is of importance, 37 because b-amyloid(1-40) is eliminated with a half-life of 1 h, whereas b-amyloid(1-42) is more resistant against degradation. 37 The actual discussion has focused whether fibrillar or soluble oligomeric bamyloid is the active form of the peptide. The bamyloid cascade hypothesis 14, 37 favors the model that insoluble fibrillar b-amyloid triggers the neuronal degeneration. Evidence is now accumulating that soluble-activated monomers, soluble oligomers (dimer, trimer, tetramer) and protofibrils could be responsible for triggering the pathology in AD. The exact mechanism by which b-amyloid induces cell death is not known, but the 'channel hypothesis' suggests that certain fibrillar forms of the peptide cause neurodegeneration by forming ion channels that are generally large, voltage-independent and of relatively poor selectivity. 29, 39 It seems quite clear that neuronal axons contain a releasable pool of b-amyloid, 40 but it is not clear if this synaptically released b-amyloid plays a role in the pathogenesis of AD. The data on release of b-amyloid in the rodent brain are very rare. Interestingly, C6 rat glioma cells produce and release a soluble 4 kDa peptide. 41 Mouse microglia release soluble b-amyloid within a few hours, but release of fibrillar b-amyloid was less than half complete in 12 days. 42 Our data suggest that under neutral pH b-amyloid(1-42) is physiologically secreted by controlled release into the medium of organotypic brain slices while under low pH an uncontrolled efflux of b-amyloid(1-42) from leaking neurons may occur, which can rapidly aggregate as extracellular depositions.
Aggregation of rat b-amyloid Neuritic plaques and amyloid depositions have been detected in the humans, aged monkey, dog and polar bear and have rarely been found in aged rodents. 43 It was suggested that the amino-acid sequence in humans, monkey, dog and polar bear are conserved and that the secondary structure of mouse and rat b-amyloid lacks a property to form a b-sheeted structure. 43 b-amyloid can form insoluble assemblies of fibrills, which depends on the concentration, time, temperature, ionic strength and pH. 7, [44] [45] [46] It has been shown that low pH provides an ideal environment for b-amyloid aggregation. 7 These conformational changes of b-amyloid are dependent on pH and absence of metal ions and soluble b-amyloid occurs when it is in an a-helical monomeric form between pH 1-4 and > 7. However, a b-sheet conformation occurs between pH 4-7 resulting in aggregation of bamyloid. 7, 47 This reduction in pH often mobilizes metal ions (such as Zn 2 þ , Cu 2 þ ), which are both found at high concentrations in the cortex and contribute to the promotion of fibrills and the aggregation of b-amyloid.
7,29, 45 It was suggested that histidine residues are essential for the metalmediated b-amyloid assembly-this may explain why b-amyloid deposition is not a feature of aged rats. 43 A marked Cu 2 þ -induced aggregation of bamyloid emerges when the pH is lowered to 6.8, indicating that H þ -induced conformational changes unmask a metal-binding site on b-amyloid that mediates reversible assembly of the peptide. 45 Betaamyloid(1-42) has been shown to be more prone to amyloid fibril formation and appears to be the more toxic form of the peptide. 29 The amino-acid sequence 15-22 of b-amyloid may control both aggregation at acidic pH but also its proteolytic activity at neutral pH. 46 This direct interaction between low pH and bamyloid aggregation forced us to explore the role of acidosis in the brain slices. In fact, our aggregation experiments with Western blot show that rat bamyloid can undergo formation into small oligomeric soluble aggregates, which is markedly increased at pH 6.0. Furthermore, the immunohistochemical figures point to an aggregated form of extracellular bamyloid, a labeling pattern which was similar as seen in an AD postmortem human brain.
Beta-amyloid and apolipoprotein E4
ApoE is an important transport molecule for lipids in the brain and triggers fast transport of b-amyloid within the brain and to the blood-brain barrier. 29, 47 Beta-amyloid binds to ApoE and such complexes are important for the clearance of b-amyloid in the brain. Dysfunction of ApoE may be of importance in AD, especially the ApoE4 allele is a major risk factor triggering late onset AD by increasing b-amyloid deposition. 29, [48] [49] [50] It has been found that the bamyloid-ApoE4 complex is not efficiently cleared from the brain, but more susceptible to amyloid aggregations and depositions. Indeed, several data show that ApoE4 markedly affects the deposition of bamyloid in a mouse model of AD. 51 These potent effects of ApoE4 forced us to explore further the effects together with acidosis. Our data with Western blot now clearly show that ApoE4 plays an important role in the aggregation process of rat b-amyloid. It seems likely that the extracellular b-amyloid undergoes aggregation in the presence of ApoE4, whereas under neutral pH no such extracellular forms are seen when slices are incubated with ApoE4 at neutral pH.
Taken together, this in vitro brain slice model provides a model for studying the regulation of physiological and pathological b-amyloid expression and secretion. This model has the advantage that cells express and regulate endogenous APP and b-amyloid, whereas in transgenic mice an exogenous recombinant protein is introduced. However, the brain slice model does not reflect the long-lasting chronic development of AD, because in our in vitro model a severe acute acidosis results in significant cell death of neurons accompanied by b-amyloid aggregation. Further experiments need to be done to balance the pH range and to determine how the slices react to very moderate pH changes (for example, 6.8-6.6-6.4-6.2) over longer time periods. Perhaps it may be possible to tune the system to observe b-amyloid aggregation without such a significant neuronal cell death, which may allow us to explore more detailed mechanisms of cholinergic cell death and b-amyloid aggregation within a defined time frame. In conclusion, our findings show for the first time that rat APP/bamyloid is expressed in aging rat organotypic brain slices. We provide evidence that the survival of cholinergic neurons does not depend on the overexpression of APP and b-amyloid . Acidosis (pH 6.0) causes a degeneration of neurons, and leads to a marked loss of neurons. Under these conditions, bamyloid aggregates extracellularly, which is triggered by ApoE4. The aging organotypic brain slice model provides a potent tool to investigate the secretion and processing of APP/b-amyloid in a complex threedimensional physiological brain model. It will allow us to study putative therapeutics that may selectively suppress APP overexpression and b-amyloid accumulation and plaque formation.
